Hox genes are responsible for encoding transcription factors that are essential for anterior-posterior body patterning at early stages of embryogenesis. However, detailed mechanisms of Hox genes are yet to be defined. Protein kinase B alpha (Akt1) was previously identified as a possible upstream regulator of Hox genes. Furthermore, the Hoxc11 gene has been upregulated in Akt1 null (Akt1 −/− ) mouse embryonic fibroblasts (MEFs), while repressed in wild-type MEFs. In this study, we propose to investigate the role of Gcn5, a histone acetyltransferase, in the regulation of Hoxc11 expression in MEFs. We showed that the H3 lysine 9 acetylation (H3K9ac) status has the same correlation with Hoxc11 expression and reported that Gcn5 is associated with the upregulation of Hoxc11 expression through H3K9ac in Akt1 −/− MEFs. Since Hoxc11 was upregulated through histone acetylation in Akt1 −/− MEFs, a functional role of Gcn5 on Hoxc11 expression was analyzed in Akt1 −/− MEFs treated with Gcn5 specific inhibitor or transfected with Gcn5-small interfering RNA (Gcn5-siRNA). When the expression of Hoxc11 was analyzed using RT-PCR and real-time PCR, the Hoxc11 mRNA level was found to be similar in both Akt1 −/− MEFs and control-siRNA transfected Akt1 −/− MEFs. However, the Hoxc11 expression level was decreased in Gcn5-inhibited or Gcn5-knockdown Akt1 −/− MEFs. Additionally, to analyze Gcn5-mediated histone acetylation status, chromatin immunoprecipitation assay was carried out in Gcn5-siRNA-transfected Akt1 −/− MEFs. The H3K9ac at the Hoxc11 locus was decreased in Gcn5-knockdown Akt1 −/− MEFs compared to controls.
Introduction
Hox genes are essential for anterior-posterior body patterning at early stages of embryonic development. In mammals, 39 Hox genes are divided into four clusters called Hox A, B, C, and D on four different chromosomes. Each cluster consists of 13 paralogs [1, 2] . The orchestration of clustered expression of Hox genes plays important roles in the process of mammalian development [3] . Especially, Hox genes are expressed with regard to spatially and temporally defined order, that is, the collinear expression of Hox genes is temporally initiated from the anterior 3′ Hox genes and head toward the posterior 5′ Hox genes. This spatiotemporal collinearity along the anterior-posterior (A-P) body axis is important for body patterning during development [4] [5] [6] [7] . The expression of Hox genes is regulated by epigenetic modifications such as histone modification, DNA methylation, chromatin condensation, and through interactions with small non-coding RNAs [8] [9] [10] [11] . Of the epigenetic modifications, post-translational histone acetylation is generally linked to gene activation [12, 13] . Enriched histone acetylation on multiple lysine residues activates transcriptional activity of genes [14] through alteration of chromosome structure [15] .
In our previous studies, protein kinase B alpha (Akt1) has been identified as a plausible upstream regulator of Hox genes through in silico analysis [16] . According to the presence or absence of Akt1, posterior Hoxc cluster genes (Hoxc11 and c12) were differently expressed in mouse embryonic fibroblasts (MEFs), namely, these posterior Hox genes were upregulated in Akt1 null (Akt1 −/− ) MEFs, while repressed in wild-type MEFs [16, 17] . As a prototypical histone acetyltransferase (HAT), Gcn5 acetylates multiple lysine residues (H3K9, H3K14, H3K18, and H3K23) of the core histone [18] , and has been known to contribute to Hox gene regulation [3] . In addition, post-transcriptional control and protein stability of Gcn5 was negatively regulated by Akt1 in MEF cells [19] . The activity of HATs, such as CBP/p300 and Gcn5 homolog PCAF, has also been known to be downregulated by Akt, which mediates phosphorylation at Akt consensus motif RXRXXpS/T [14, 20] ; however, the precise mechanisms behind the effect of Gcn5 on Hox gene expression remain largely unclear. In this study, we demonstrate that Gcn5 actively contributes to Hoxc11 gene expression by mediating locus-specific H3 lysine 9 acetylation (H3K9ac) in Akt1
−/− MEFs.
Materials and Methods

Cell culture and transfection
Immortalized wild-type MEF cells and Akt1 −/− MEF cells were kindly provided by Dr Sun Sik Bae (Pusan National University, Pusan, Korea). MEFs were cultured as previously described [17] . For knockdown experiments, wild-type MEFs and Akt1 −/− MEFs were transfected with Gcn5-siRNA (Santa Cruz Biotechnology, Santa Cruz, USA) and control-siRNA (5′-AUGAACGUGAAUUGCUCAATT-3′ and 5′-UUGAGCAAUUCACGUUCAUTT-3′) at a final concentration of 40 nM for 72 h using HiPerFect Transfection Reagent (Qiagen, Hilden, Germany) according to the manufacturer's instructions. For overexpression studies, full-length Gcn5 cDNA was cloned into a pcDNA3 expression vector containing the HA-tag; this vector construct was transfected into Akt1 −/− MEF cells using Attractene reagent (Qiagen). For controls, cells were transfected with an empty pcDNA3-HA vector.
Western blot analysis
Western blot analyses were performed as previously described [17] . Wild-type and Akt1 −/− MEFs were treated under the appropriate conditions and lysed, after which their protein contents were determined using a Pierce BCA Protein Assay Kit (Thermo Scientific, Rockford, USA). Each sample was loaded onto 8% SDS polyacrylamide gels, and then electrotransferred to PVDF transfer membranes (Bio-Rad, Hercules, USA). Immunoreactive bands were detected using suitable primary antibodies and with the corresponding anti-rabbit (Abcam, Cambridge, UK) or anti-mouse (Zymed, San Francisco, USA) HRPconjugated secondary antibody and visualized using SuperSignal West Pico Chemiluminescent Substrate kit (Thermo Scientific). Anti-Gcn5l2 (Cell Signaling Technology, Danvers, USA), anti-Hoxc11 (Santa Cruz Biotechnology), anti-H3K9ac (Abcam) and anti-β-actin (Abcam) antibodies were used to detect the corresponding proteins.
RT-PCR and real-time PCR
RT-PCR and real-time PCR analyses were performed as previously described [17] . PCR amplification was performed under the following conditions: initial denaturation for 4 min at 95°C, then 25 cycles (for β-actin), 32 cycles (for Gcn5), 35 cycles (for Hoxc cluster genes) of 94°C for 30 s (denaturation), 58°C for 30 s (annealing), and 72°C for 30 s (polymerization). Primers for RT-PCR and real-time PCR are listed in Table 1 .
Chromatin immunoprecipitation analysis
Chromatin immunoprecipitation (ChIP) analysis was performed as previously described [17] . Chromatin was prepared from Akt1
MEFs transiently transfected with Gcn5-siRNA. Briefly, 1 × 10 6 cells were cross-linked with 1% formaldehyde for 15 min, followed by the addition of glycine at 125 mM. Chromatin was sheared by sonication to fragments averaging between 0.5 and 1 kb in buffer containing 1% SDS, 1% TritonX-100, 0.1% sodium deoxycholate, 10 mM EDTA, 50 mM Tris-HCl (pH 8.0) and protease inhibitor cocktail (Roche Applied Science). Chromatin was pre-cleared with protein A/G beads containing 50% slurry (Santa Cruz Biotechnology) and salmon sperm DNA, followed by immunoprecipitation with anti-H3K9ac and anti-Gcn5 (Santa Cruz Biotechnology) coupled to protein A/G beads per experimental condition. Nonimmune mouse IgG (Santa Cruz Biotechnology) was used as control. PCR was carried out with one cycle at 94°C for 5 min; 35 cycles at 94°C for 30 s, 58°C 30 s, and 72°C for 30 s; and one cycle at 72°C for 7 min. Primers for ChIP-PCR are listed in Table 2 .
Dual-luciferase report assay pGL3-basic vector (Promega, Madison, USA) containing Hoxc11 promoter region sequence, with an internal control (pRL-TK Renilla luciferase vector; Promega), were co-transfected with pcDNA3-Gcn5 or empty vector into Akt1 −/− MEFs, using Attractene transfection reagent (Qiagen). At 48 h post-transfection, the cell lysates were assayed by Subscription fluorescence detector (GloMAx 20/20 IuMINoMeTeR; Promega) using the Dual-luciferase kit (Promega). Relative luciferase units were measured and normalized against 
Statistical analysis
Data are expressed as mean values with standard error of the mean. Statistical differences were determined by Student's t-test. A P-value of <0.05 was considered statistically significant.
Results
Site-specific enrichment of histone H3K9 acetylation is involved in the upregulation of Hoxc11 in Akt1 −/− MEFs
To investigate whether the locus-specific changes in Hoxc gene expression in Akt1 −/− MEFs are correlated directly with locusspecific histone acetylation, we first carried out the ChIP assay with anti-H3K9ac antibody, as a transcription activation marker, in both wild-type and Akt1 −/− MEF cells. ChIP-PCR amplicon sites were designed near the putative promoter region of the Hoxc11 gene (Fig. 1A) . The results of the quantitative ChIP-PCR analysis showed that the enrichment of H3K9ac at the Hoxc11 locus in Akt1
MEFs was stronger than that in wild-type MEFs, even though the total amount of H3K9ac was similar in both MEFs. On the contrary, the level of H3K9ac in the Hoxc5 locus was the same in both wild-type and Akt1 −/− MEFs (Fig. 1B,C) . These data imply that the upregulation of the Hoxc11 gene expression in Akt1
MEFs is associated with site-specific enrichment of histone H3K9ac.
Enriched histone H3K9ac at the Hoxc11 locus might contribute to the activation of Hoxc11 gene expression in Akt1 −/− MEFs.
Gcn5 is associated with Hoxc11 gene expression in Akt1 −/− MEFs
A previous study has shown that Gcn5 is involved in the regulation of Hox gene expression and is essential for normal A-P body axis formation of the mouse skeleton [3] . In addition, our previous study showed that Gcn5 stability is regulated by the Akt-signaling pathway in MEFs [19] . To further explore the relationship between the HAT activity of Gcn5 and Hox gene regulation, we examined the influences of Gcn5 deficiency on Hox gene expression in Akt1 −/− MEFs. Interestingly, when the Hoxc gene expression patterns were analyzed in Akt1 −/− MEF cells after treatment with a Gcn5 specific inhibitor called MB-3, only the Hoxc11 gene was downregulated in a concentration-dependent manner (Fig. 2) . Expression of other Hoxc cluster genes was not affected by MB-3 (Fig. 2) . These RT-PCR results imply that Gcn5 might be strongly associated with Hoxc11 gene activation in the absence of Akt1. To confirm our results, we also performed Gcn5 knockdown experiments in Akt1 −/− MEFs using Gcn5-siRNA. From RT-PCR and western blot analysis, we observed the reduction of Gcn5 in Akt1 −/− MEF cells treated with Gcn5-siRNA on both mRNA and protein levels (Fig. 3A,B) . As expected, knockdown of Gcn5 by Gcn5-siRNA led to a significant decrease of Hoxc11 in Akt1 mRNA ( Fig. 3C and Supplementary Fig. S1 ) and protein levels (Fig. 3B ). These findings demonstrate that Gcn5 is required for the activation of Hoxc11 gene expression in Akt1 −/− MEFs.
MEFs. Downregulation of Hoxc11 expression was confirmed on the
Gcn5 regulates histone H3K9 acetylation at the Hoxc11 gene locus in Akt1 −/− MEFs
In order to investigate whether Gcn5 directly regulates the H3K9ac at the Hoxc11 locus in Akt1 −/− MEFs, we performed ChIP assay with anti-Gcn5 and anti-H3K9ac antibodies in both control and Gcn5-siRNA-transfected Akt1 −/− MEFs. In addition to the ChIP amplicon sites near the putative promoter region of the Hoxc11 gene, amplicon sites for the Hoxc5 gene and GAPDH were designed as controls (Fig. 4A) . The results of real-time PCR using ChIP products demonstrated that the binding of Gcn5 in all amplicon sites was decreased in Gcn5-knockdown Akt1 −/− MEFs ( Fig. 4B and Supplementary Fig. S2 ), whereas the enrichment of H3K9ac was reduced site-specifically at the Hoxc11 promoter region, but not in the Hoxc5 or GAPDH loci. Based on our data, we conclude that Gcn5 plays an important role in regulating Hoxc11 expression by mediating H3K9ac in a locus-specific manner.
Discussion
Over the past years substantial analyses have shown that Hox genes are important transcription factors that function in numerous developmental processes. Furthermore, aberrant expression of HOX genes has been linked to different types of human cancer. Among many HOX genes, a role for HOXC11 has been implicated in melanoma and breast cancer, as well as in neuronal and intestinal development [21] [22] [23] [24] . In this respect, elucidating the mechanisms of transcription regulation of clustered or individual Hox genes (and were normalized with mouse β-actin which was used as a control. *P < 0.05, **P < 0.01.
their adjacent regulatory elements) will broaden our understanding of their function during normal development and cancer. As Akt1 −/− MEFs are ideal cell lines which show upregulation of Hoxc11, in this study, we investigated the Akt1-linked regulation mechanisms of Hoxc11 gene expression using MEF cells. Our previous studies showed that Akt1 regulates the expression of the posterior Hoxc cluster genes as a putative upstream regulator of Hox genes [16, 17] and controls the stability of Gcn5 in MEF cells [19] . In addition, Gcn5 has been reported to be involved in the regulation of Hox genes [3] . Here, we confirmed that Hoxc11 expression was decreased by Gcn5 knockdown (Fig. 3) , but oppositely, increased by overexpressing Gcn5 in Akt1 −/− MEFs ( Supplementary Fig. S3 ). Our
ChIP-PCR data clearly demonstrated that Gcn5 regulates the expression level of Hoxc11 particularly by mediating the level of H3K9ac at the Hoxc11 locus in the absence of Akt1. In this context, we think that the activity of Gcn5 is possibly controlled by the Aktsignaling pathway. In this regard, previous reports showed that HAT activity is decreased by Akt-mediated phosphorylation on the RXRXXpS/T Akt consensus site [14, 20] . Even though human GCN5 lacks the Akt consensus substrate motif [14] , mouse Gcn5 contains one Akt consensus substrate motif and multiple RXXpS/T motifs [25] . We, therefore, can speculate that Hoxc11 would be silenced in wild-type MEFs because Gcn5 activity is reduced by Aktmediated phosphorylation. Among posterior Hoxc genes, the expression patterns of Hoxc12 are similar to those of Hoxc11, that is, Hoxc12 is weakly expressed in wild-type MEFs but upregulated in Akt1 −/− MEFs [16] . However, unlike Hoxc11, there was no change in the transcription level of Hoxc12 in Gcn5-knockdown Akt1 −/− MEFs, even though Gcn5 leads to the enrichment of H3K9ac of the putative promoter region of the Hoxc12 gene ( Supplementary Fig. S4 ). In the same manner, a recent report showed that the enrichment of H3K9ac in housekeeping genes such as β-actin and β-catenin was reduced by depletion of Gcn5 and PCAF in MEFs, but there was no effect on the transcription level of these genes [18] . Otherwise, there was an example showing no effects whatsoever on both transcription and histone modification levels upon knockdown of Gcn5 and MLL [26] . These previous results support our finding showing site-specific action of Gcn5 in the regulation of H3K9ac enrichment and Hoxc11 transcription. HATs and histone deacetylases are known to be recruited to their target promoters through a physical interaction with a sequence-specific transcription factor [27] . Specifically, HATs, such as GCN5, p300/CBP, and PCAF, have been shown to associate with specific DNA-binding activators to form a complex on specific promoter elements [28, 29] . Meanwhile, in some cases, the direct binding of GCN5 to the promoter of target genes was proven by luciferase reporter assay [30, 31] . In our case, Gcn5 had no significant effect on the promoter activity of Hoxc11 in luciferase reporter assay ( Supplementary Fig. S5) ; therefore, we suggest that Gcn5 might be recruited to the promoter region of the Hoxc11 gene by interacting with other sequence-specific transcription factors.
In conclusion, our data demonstrate that Gcn5 is an important epigenetic regulator which controls the expression of Hoxc11 gene by mediating H3K9ac in a site-specific manner.
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